ABSTRACT. We have compared transsarcolemmal
Time-and voltage-dependent transsarcolemmal Ca2+ currents have been described in preparations of cardiac papillary muscle and single cardiac myocytes from various mammalian species (1) (2) (3) (4) (5) (6) . Investigators using whole-cell voltage clamp and patch clamp techniques have directly measured Ca2+ channel characteristics in isolated adult myocytes (1, 3) . Other studies have demonstrated the presence of at least two distinct types of Ca2+ channels in mature myocardium, one termed L (long lasting) and the other T (transient) (4, 6) . However, the exact role of these currents in the development of tension or the generation of the action potential has not been elucidated. It has been suggested that L channels may replenish intracellular Ca2+ pools, whereas T channels may play a role in triggering the release of Ca2+ stored in the sarcoplasmic reticulum (5, 7).
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In mature myocardium, the depolarization-induced rise in intracellular Ca2+ responsible for tension generation is largely the result of release of Ca2+ from the sarcoplasmic reticulum (5, 7) . In contrast, immature myocardium is deficient in T tubules and sarcoplasmic reticulum and is relatively more dependent on transsarcolemmal Ca2+ influx to initiate tension development (2, (8) (9) (10) (11) (12) (13) . However, there are few reports describing sarcolemmal Ca2+ channels in immature mammalian heart cells (14) (15) (16) (17) . We have studied the voltage dependence and magnitude of Ca2+ currents in neonatal and adult rabbit cardiac myocytes isolated by similar enzymatic techniques.
MATERIALS AND METHODS
Cell isolation. Cardiac myocytes from neonatal (1-to 5-d-old, 50-to 100-g) and adult (1.5-to 2.5-kg) New Zealand White rabbits were prepared by enzymatic dissociation as previously described (13, 16) . Briefly, the intact heart was dissected from anaesthetized, heparinized rabbits and perfused via an aortic cannula with warmed (37°C) 0 mM Ca2+ Tyrode's solution for 3 min (flow rate = 2.5 mL/min for neonates, flow rate = 45 mL/ min for adults, solution composition with concentrations expressed in mM: NaCl 136, KC1 5.4, NaH2P04 0.33, MgC12 1, HEPES 10, mannitol 4, thiamine HC1 0.6, glucose 10, pyruvic acid 2, pH 7.35). The perfusing solution was then changed to include collagenase (300 U/mL, Type I; Sigma Chemical Co., St. Louis, MO) and protease (0.35 U/mL, Type XIV; Sigma). Perfusion time varied from 7 to 9 min for neonatal hearts and 50 to 70 min for adult hearts. The enzyme solution was removed by perfusion with 0.1 mM Ca2+ Tyrode's solution for 3 min. The intact ventricles were opened and shaken in a petri dish to disperse isolated myocytes.
Experimental preparation. Isolated cells were placed in a 1-mL experimental chamber on the stage of an inverted microscope (Nikon Diaphot, Garden City, NY) (temperature 23-24°C). Microelectrodes were pulled from Corning 7052 or 8 16 l glass capillary tubing (Corning, Horsehead, NY). Pipettes used for neonatal cells had a tip resistance of 4 to 8 (typically 5) MR when measured in Tyrode's solution. Pipettes used for adult cells had a tip resistance of 2 to 5 (typically 4) MR. Cells were voltage clamped in the whole-cell configuration using an EPC-7 patch clamp amplifier (Adams/List, Great Neck, NY) (18) . Series resistance averaged 14 + 1 MQ (n = 5 1) in neonates (16) . Series resistance compensation (78-90%) with parafin coated pipettes was used for adult cells, resulting in a decrease in mean series resistance from 13 k 2 MR to 1.8 f 0.6 MR (n = 5). The resistance of the pipettes used for neonatal cells was higher than is commonly described (18) . However, due to the small size of the cells (mean capacitance was less than 30 pF) and small amplitude of the recorded currents (less than 300 PA) voltage clamp control was achieved without series resistance compensation. The interior of the cell was dialyzed with internal pipette solution via the open pipette tip, allowing experimental control of the interior ionic composition of the cell (16) . The current 90 WETZEL signal was filtered at 1 kHz using an eight-pole Bessel filter (Frequency Devices, Haverhill, MA). Microelectrode offset potentials were compensated before approaching the cell membrane.
Membrane potential and current were recorded on a dualbeam storage oscilloscope and photographed for later analysis or stored in digital form (Axolab 1100 data acquisition system and pCLAMP software; Axon Instruments, Inc., Foster City, CA) on the hard disk of a microcomputer (IBM AT). Series resistance was measured using the transient cancellation circuitry of the patch clamp amplifier (19) .
The capacitance of the cells was determined by measuring the steady state current required to hyperpolarize the cell membrane at a steady rate (5 mV/5 ms). During capacitive measurements, the contribution of time-and voltage-dependent currents was minimized by using brief, small voltage changes. Cell surface area was calculated by multiplying cell capacitance by 1 x cm2/pF (20) . Cell capacitance for neonatal cells using this technique was similar to that found using the transient compensation method (1 6 Figure 1 . Currents displayed a similar time course in the two age groups, peaking 10 to 15 ms after initiation of the clamp step and largely inactivating within 100 ms. This time course is similar to that described for L currents in other preparations (3, 4, 15, 17) . As may be seen from comparing Figures 1A and B, however, the peak current in adult myocytes was much larger than that recorded in neonatal cells.
The larger magnitude of the Ca2+ current in adult cells is in part a reflection of their larger size. As shown in Figure 2A , the mean surface area of adult cells was four times that of neonatal cells (1 13 f 15 x cm2, n = 5, versus 28.0 f 1.9 X loT6 cm2, n = 18, p < 0.00 1). As indicated in Figure 1 , the peak current in the mature cells was larger than in neonatal cells (2014 + 400 versus 1 14 f 10 PA, p < 0.001) (Fig. 2B) . Importantly, however, when peak current was normalized to surface area, the current density of adult myocytes was significantly larger than that of neonatal cells (17.9 + 2.5 versus 4.3 k 0.4 pA/cm2, p < 0.001) (Fig. 2C) .
The relation between peak current and membrane potential was similar in neonatal and adult cells (Fig. 3) . The average test potential at which the largest inward current occurred was 7 f 2
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ca2' CURRENT (PA) TlME (rnsec) Fig. 1 . Voltage-dependent Ca2+ currents. Current records as a function of time are shown during membrane potential steps to -20, 10, and 40 mV from a holding potential of -80 mV (traces are shown after subtraction of a small linear leak current). Ca2+ concentration in the bath solution is 10 mM. Cs+ replaced K+ in the bath and internal electrode solutions to block current through K+ channels. The bath also contained 10 pM tetrodotoxin to block Na+ channels. The traces represent original data stored in digital form at 1 kHz. Inward current is displayed as downward (negative) deflections from the zero current level as indicated. A, Current recorded from a myocyte isolated from a 3-d-old rabbit during a 100-ms depolarization. The depolarization to -20 mV produces a brief (2-to 5-ms) capacitive spike but little inward current. At higher potentials, an inward current rapidly activates and then gradually inactivates over the course of a 100-ms voltage step. Cell no. 89913B. B, Current recorded from a myocyte isolated from an adult rabbit. Although the magnitude of the peak inward current is much larger in the mature cell (note the difference in scaling of the current), the voltage dependence of activation and inactivation appears qualitatively similar to that seen in the neonatal cell. However, a large, sustained inward current is apparent in the tracings from the adult cell that is not present in the neonatal cell tracing. To simplify comparison with currents from the neonatal cell, only data from the first 100 ms of a 400-ms depolarization is shown. Cell no. 90405A. mV in neonatal myocytes and 8 + 2 mV in adult myocytes.
Thus, it appears that the increase in peak current density with development is not related to a change in the voltage dependence of steady state Ca2+ channel activation.
In some cells, a small (10- T-Type Ca2+ currents. Figure 4A demonstrates the presence of an early, rapidly inactivating inward current in a typical adult rabbit myocyte upon depolarization to -20 mV from a holding potential of -80 mV (trace a). This transient or T-type Ca2+ current is largely inactivated at a holding potential of -40 mV (trace 6). In contrast to adult myocytes, the majority of immature myocytes did not exhibit T-type currents. Figure 4B The difference current for neonatal and adult cells is shown in Figure 4C . These traces reflect the component of current that is inactivated at a holding potential of -40 mV. For adult cells, this trace clearly demonstrates a rapidly inactivating T-type current. The small, sustained difference current may reflect an incomplete steady state inactivation of L-type current at this holding potential. In neonatal myocytes no T-type current is seen. Figure 5A shows results for a cell from a 5-d-old rabbit that did exhibit a significant T-type current. Depolarization to -20 mV from a holding potential of -80 mV induced a small, transient inward current. This current was inhibited when the holding potential was changed to -40 mV.
Treatment with neuraminidase has been shown to increase the magnitude of T currents in adult guinea pig myocytes (2 1). This effect may be mediated through removal of sialic acid from glycosylated sarcolemmal proteins. We have studied the effect of neuraminidase on the small, transient inward current observed in some neonatal cells to provide further evidence that they in fact represent T channel currents. Addition of neuraminidase might also augment a small or latent T-type current in cells that otherwise did not exhibit T-type current. Figure 5B demonstrates the presence of T-type and L-type currents in a myocyte from a 2-d-old rabbit (induced by depolarizations to -20 and 10 mV, respectively). When neuraminidase was added to the bath solution, the magnitude of the T-type current increased (Fig. 5C , test potential -20 mV), while the L-type current was unaffected (Fig.  5C , test potential 10 mV). However, in those neonatal cells that had no demonstrable T-type currents, latent T-type currents could not be induced by either addition of neuraminidase to the bath solution or hyperpolarization of the cell membrane to a holding potential of -100 mV (data not shown). T-type Ca2+ currents were present in only 20 of 5 1 (39%) neonatal myocytes as compared with 10 of 1 1 (9 1 %) adult cells (Fig. 6 ).
The prevalence of T-type currents in neonatal cells was partially dependent on the length of time the cell was dialyzed. In 1 1 neonatal cells, T-type currents were apparent 5 min after cell penetration. In an additional nine cells, T-type currents became apparent within 10 min of cell penetration. The remaining 31 cells did not exhibit T-type currents within 20 min of cell penetration. There was no correlation between the observance of the T-type current and pipette series resistance.
DISCUSSION
The major finding of this study was an age-related increase in peak current density of voltage-dependent membrane Ca2+ currents. Further, T-type Ca2+ channels were found to be less prevalent in neonatal cardiac myocytes as compared with adult cells.
Ca2+ current density. In our experiments the peak Ca2+ current measured in adult myocytes was much larger than that measured in neonatal myocytes. This difference may be accounted for in part by the difference in size between the mature and immature cells. However, when normalized for surface area, current density in adult myocytes is significantly larger than that in neonatal cells (Fig. 3) . This result is comparable to that recently reported by Osaka and Joyner (17) , using a similar preparation. The smaller Ca2+ current density of neonatal cells suggests that voltage-gated Ca2+ channels may play a less significant role in the generation of the action potential in immature rabbit cells than in adult myocardium. These results contrast with the findings of Cohen and Lederer ( 1 5) that Ca2+ current density was smaller in freshly isolated adult rat myocytes than in cultured neonatal rat myocytes. The disparity in these results is not unexpected, inasmuch as the adult rat myocyte action potential displays an attenuated plateau phase suggestive of a decreased role for Ca2+ currents in adult rat myocardium. However, other species-specific differences, differences between cultured and freshly isolated cells, and differences in cell morphology may also contribute to this discrepancy.
Measurement of cell surface area. As a qualitative check on the capacitance measurements reported in this investigation, we have calculated cell surface area from planar cell size. Using reported values of mean cell length and diameter (1 1) and assuming the cells to be roughly cylindrical, the cell surface area of 3-wk-old and adult rabbit myocytes can be calculated as approximately 40 and 100 x cm2, respectively. These values are in reasonable agreement with the 4-fold increase in cell membrane areas (28 and 1 13 x cm2) for neonatal and adult rabbits calculated from capacitance measurements in this study.
Intracellular Ca2+ concentration. Besides contributing to the plateau of the action potential, Ca2+ currents may also play a role in delivering Ca2+ to the myoplasm and myofibrils. The effectiveness of current crossing the membrane in increasing intracellular Ca2+ concentration depends not only on the current density but also on the volume of the cell. Although neonatal rabbit myocytes have a smaller current density than mature cells, their surface area to volume ratio is larger. The precise magnitude of this difference is dependent on the shape of the cells. However, assuming the cells to be right cylinders, an 8-fold increase in cell volume would be expected for the observed Cfold increase in surface area. Thus, the measured 17-fold difference in peak Ca2+ current would be expected to increase intracellular Ca2+ concentration twice as much in adult cells as in neonatal cells. This calculation is an approximation and does not take into account differences in Ca2+ volumes of distribution, localized concentration gradients, or intracellular Ca2+ binding and sequestration. However, these data do suggest that the rise in intracellular Ca2+ attributable to the voltage-gated Ca2+ channels in neonatal cells may be smaller than in adult cells.
In adult myocardium, tension generation depends upon Ca2+ release from the sarcoplasmic reticulum to supplement transsarcolemmal Ca2+ influx (which provides only about 5-1 5% of the intracellular Ca2+ transient) ( 1). The previous calculation suggests that the rise in intracellular Ca2+ attributable to Ca2+ influx via L-type channels may be even smaller in the neonate than in the adult. Thus, voltage-gated Ca2+ channels may not play a central role in raising the intracellular Ca2+ concentrations in immature myocardium.
T-type Ca2+ currents. The present work demonstrates the existence of small, transient inward currents in neonatal myo-L-type current (traces a and b, respectively). In contrast to the adult cell in A, however, no T-type current is present. The clamp duration is 100 ms. Cell no. 89N29D. C, The difference current for depolarizations to -20 mV from holding potentials of -80 and -40 mV is calculated by performing a point-by-point subtraction of traces a and b for both the neonate and adult. The difference current for the adult cell illustrates the rapidly inactivating T-type current (which is inactivated at a holding potential of -40 mV) as well as a small, sustained component resulting for incomplete steady state inactivation of L-type current at -40 mV. The difference current of the neonatal cell has no rapidly inactivating or T-type current component but only a slowly inactivating component consistent with incomplete inactivation of the L-type current at -40 mV. increase with development, suggesting changes in actual channel structure or regulation.
The lower current density of L-type Ca2+ channels in immature myocytes and the lower prevalence of T-type Ca2+ currents suggest that sarcolemmal Ca2+ channels may have a less significant role in intracellular Ca2+ regulation in immature than in mature cardiac myocytes. This conclusion is in apparent contradiction to the crucial role of extracellular Ca2+ in supporting tension generation in immature myocardium as demonstrated in previous studies (2, (8) (9) (10) (11) (12) (13) . Thus, an additional mechanism of transsarcolemmal Ca2+ movement into the cell (for example Na+-Ca2+ exchange) may play a significant role in tension generation in immature myocardium.
